ABSTRACT: Halide perovskite nanocrystals (NCs) are promising solutionprocessed emitters for low-cost optoelectronics and photonics. Doping adds a degree of freedom for their design and enables us to fully decouple their absorption and emission functions. This is paramount for luminescent solar concentrators (LSCs) that enable fabrication of electrode-less solar windows for building-integrated photovoltaic applications. Here, we demonstrate the suitability of manganese-doped CsPbCl 3 NCs as reabsorption-free emitters for large-area LSCs. Light propagation measurements and Monte Carlo simulations indicate that the dopant emission is unaffected by reabsorption. Nanocomposite LSCs were fabricated via mass copolymerization of acrylate monomers, ensuring thermal and mechanical stability and optimal compatibility of the NCs, with fully preserved emission efficiency. As a result, perovskite LSCs behave closely to ideal devices, in which all portions of the illuminated area contribute equally to the total optical power. These results demonstrate the potential of doped perovskite NCs for LSCs, as well as for other photonic technologies relying on low-attenuation long-range optical wave guiding.
L ead halide perovskite nanocrystals (NCs), in both their hybrid organic−inorganic MAPbX 3 (MA = [CH 3 NH 3 ] + , X = Cl, Br, I) composition 1−3 and the fully inorganic cesium lead halide CsPbX 3 form, 4−6 have recently emerged as potential candidates in a variety of optoelectronic and photonic technologies, 7 spanning from photovoltaic cells 8, 9 and photodetectors 10, 11 to light-emitting diodes 12−18 and lasers. 19−21 Similar to other semiconductor NCs, the optical properties of perovskite NCs are tunable through control of the particle size, 1, 6, 22 shape, 2, 6, 23, 24 and composition that can be easily varied through postsynthesis halide exchange reactions, 4, 6 enabling one to obtain narrow emission spectra covering the whole visible spectrum. Spectral tunability by halide exchange has also been shown in hybrid organic/inorganic perovskites. Because of such an applicative potential, numerous studies have recently been dedicated to fundamental and applied chemical and physical investigations of perovskite NCs, including advanced synthesis and material processing routes 25−30 and spectroscopic studies of intrinsic and extrinsic excitonic processes at the ensemble 31, 32 and single-particle levels 33−37 also in controlled temperature, 35, 38 magnetic field, 32 pressure, 39 chemical, 40 and environmental conditions. 41 Doping of perovskite NCs has also been recently demonstrated using a variety of transition metal atoms including manganese, 42−45 cadmium, zinc, and tin, 46 leading, in the case of Mn (and bismuth in bulk crystals 47 ), to widely Stokes shifted luminescence arising from radiative electronic transitions between intragap states of the dopant impurities sensitized by the NC host. This dopant-mediated emission mechanism is particularly important for perovskite NCs, because established wave function engineering approaches based on heterostructuring, which are commonly adopted to control the excitonic processes and the emission Stokes shift in chalcogenide NCs, 48−51 are difficult to realize in this material system due to the characteristic high ionic mobility leading to rapid alloying of the whole NC structure. By enabling us to decouple the optical absorption by the NC host from the emission function of the guest impurity, doping might markedly extend the applicative potential of perovskite NCs, potentially paving the way to their use in emerging photon management technologies, in which a wide spectral separation between the absorption and emission bands is key for efficient device performances. One recent example of the potential of this approach has been demonstrated by Wang et al., who used Mn/CsPbCl 3 NCs as downconverters for enhancing both the efficiency and the stability of perovskite solar cells. 52 One of the most compelling classes of photonic devices relying on so-called Stokes shift engineered emitters are luminescent solar concentrators (LSCs), 53, 54 which have recently been proposed as an effective complement to conventional photovoltaic modules for the realization of building-integrated photovoltaic (BIPV) devices, such as semitransparent PV windows potentially capable of converting the facades of urban buildings into distributed energy generation units. 55−58 A typical LSC consists of a plastic or glass optical waveguide doped or coated with emissive materials (Figure 1a) . 54, 59 Direct as well as diffused sunlight penetrates the matrix and is absorbed by the emitters that reradiate it as longer-wavelength fluorescence. Total internal reflection ensures propagation of the emitted light to the waveguide edges, where small PV cells installed along the slab perimeter convert it into electricity (Figure 1a) . 55, 58, 60, 61 With respect to other BIPV devices, LSCs offer a series of advantages due to both their all-optical functioning mechanism and their design/ fabrication versatility: (i) By collecting sunlight over a large area, the LSC design greatly increases the flux of radiation incident onto the perimeter PV devices, thus enhancing the photocurrent; 54, 55 (ii) because LSCs use small amounts of PV material for the photon-to-electron conversion, they allow the use of PV devices with higher efficiency than conventional Si cells that would be prohibitively expensive to adopt in large quantities; (iii) indirect illumination of the perimeter cells by the waveguide makes LSCs nearly unaffected by efficiency losses and electrical stresses due to shadowing effects that occur in bulk and thin-film PVs; and (iv) LSCs can be produced with unmatched freedom in terms of shape, transparency, color, and flexibility, and their design enables the collection of solar energy using electrode-less semitransparent waveguides with essentially no aesthetic impact, 57,62−64 which are ideally suitable for BIPV glazing systems and might provide architects a tool to further enhance the aesthetical value of a building. 65, 66 Despite such promise, the widespread use of LSCs has long been hindered by the lack of emitters with sufficiently small spectral overlap between their absorption and emission profiles to suppress reabsorption of the guided luminescence, 67−69 which leads to severe optical losses in large-area devices. This is due to both enhanced nonradiative decay probability scaling exponentially with the number of reradiation events and the isotropic nature of the emission process, which randomizes the propagation direction of guided light, increasing the portion of emitted photons approaching the LSC surface within the escape cone for total internal reflection dictated by Snell's law. In general, for conventional poly(acrylate) waveguides with refractive index n ≈ 1.5, the maximum light trapping efficiency
, resulting in 25% optical loss at any reabsorption/re-emission event. 55, 67 In nontransparent LSCs, escape cone losses can be reduced by using photonic mirrors 70 and silicon NCs, 56 in which effective separation between the absorption and emission functions is achieved respectively by selective carrier localization in different structural regions of the same particle, by the exploitation of emission mechanisms involving dopant or defect-related intragap states, or, in the case of silicon NCs, 56 the partial forbiddances of the band-edge (BE) transitions due to the indirect nature of the energy gap. Similar to conventional chalcogenide NCs, 49 perovskite NCs feature a very small Stokes shift between their absorption and emission spectra, 6 resulting in strong reabsorption losses for propagation distances as short as a few centimeters. 84 To date, no study on the application of Stokes shift engineered perovskite NCs to LSCs has been reported in the literature.
As a proof-of-concept of utilizing doped perovskite NCs as zero-reabsorption LSC emitters and to assess their compatibility with the radical cell-casting mass polymerization method used for producing optical-grade nanocomposite waveguides, in this work, we fabricate poly(acrylate) LSCs embedded with Mn-doped CsPbCl 3 NCs. We specifically chose CsPbCl 3 as a host material because, in this system, both the 6 A 1 singlet ground state and the 4 T 1 excited triplet state of Mn 2+ cations are positioned within the forbidden energy gap of the NC host, 42, 85 leading to the most effective sensitization of the dopant by the NC host with respect to all other CsPbX 3 varieties of both pure and mixed halide compositions. 42 The schematic energy diagram of the doped NC is depicted in Figure 1b ) of the spin-forbidden 6 A 1 → 4 T 1 absorption transition. 86 This leads to the corresponding long-lived 4 T 1 → 6 A 1 luminescence, indirectly excited by the host semiconductor, to be negligibly affected by reabsorption. We notice that, for our purpose, the eventual presence of some residual excitonic photoluminescence (PL) closely resonant with the optical absorption edge is particularly useful as it enables us to directly compare, in the exact same experimental conditions and on the same material system, the effects of reabsorption on both the dopant emission and the intrinsic BE luminescence, which effectively describes the behavior expected for undoped CsPbCl 3 NCs. Light propagation measurements in test-bed one-dimensional liquid LSCs, corroborated by Monte Carlo ray tracing simulations based on the experimental parameters, indicate that the dopant luminescence is essentially unaffected by reabsorption losses, whereas the BE emission undergoes a dramatic (80%) drop due to reabsorption for propagation distances of ∼10−15 cm. In order to validate our estimations in a real LSC device, we fabricated and tested nanocomposite waveguides consisting of a mass-polymerized poly(acrylate) matrix incorporating the NCs. Spectroscopic measurements of the NC in toluene solution and embedded in the polymer waveguide indicate that the dopant-related optical properties are fully preserved after the radical polymerization process, thus further demonstrating the suitability of doped perovskite NCs as emitters in plastic nanocomposites potentially applicable, in addition to LSCs, to solid-state lighting or display devices. Finally, light propagation measurements on a proof-of-principle LSC device confirm and extend the observation in the liquid waveguide, showing that the perovskite NC-LSC behaves nearly like an ideal device with essentially no reabsorption or scattering losses.
Synthesis and Optical Properties of Mn-Doped CsPbCl 3 NCs.
Monodisperse Mn-doped CsPbCl 3 NCs were synthesized as described by Protesescu et al., 6 with addition of MnCl 2 . Briefly, 0.1 mmol of PbCl 2 and 0.1 mmol of MnCl 2 , 5 mL of octadecene, 0.5 mL of oleic acid, and 0.5 mL of oleylamine were loaded in a 25 mL three-neck flask and dried under vacuum for 1 h at 120°C. After degassing, the temperature was raised to 180°C and 0.4 mL of previously synthesized Csoleate (0.4 g of Cs 2 CO 3 degassed in 15 mL of octadecene and 1.75 mL of oleic acid at 150°C) was swiftly injected. Thirty seconds after the injection, the NC solution was quickly cooled down to room temperature with an ice bath.
The NCs were purified via centrifugation (at 3000 rpm for 30 min) twice, followed by redispersion in toluene. As shown in Figure 1c ,d, monodisperse and crystalline 8.6 ± 0.6 nm sized NCs were obtained, and inductively coupled plasma optical emission spectroscopy on washed NCs indicated a 3.9% Mn doping. We notice that such a Mn concentration could still be overestimated due to the difficulty in removing the excess Mn ions from the reaction medium completely. 44 A schematic depiction of crystal structure of a CsPbX 3 perovskite doped with 5% Mn not considering local changes in crystal structure is reported in the inset of Figure 1c , showing a Mn 2+ ion in a substitutional Pb site with essentially identical octahedral coordination with six halide atoms. The X-ray diffraction (XRD) pattern reported in Figure 1e indicates a match with cubic CsPbCl 3 , in agreement with previous studies on Mndoped CsPbCl 3 NCs. 42, 44 Figure 1f shows the optical absorption and PL spectrum of the NCs with the characteristic sharp absorption edge at ∼395 nm and the respective narrowline BE PL peaked at ∼405 nm, accounting for ∼20% of the total emission. The remaining 80% of emitted photons are due to the 4 T 1 → 6 A 1 optical transition of the Mn 2+ dopants, giving rise to the characteristic broad peak at ∼590 nm (hereafter indicated as Mn 2+ PL), resulting in a very large ∼200 nm (∼1 eV) Stokes shift from the absorption edge of the CsPbCl 3 host NC. 42, 44, 85 The PL quantum yield, as measured with an integrating sphere, is Φ PL,BE = 5 ± 1% for the BE emission and Φ PL,Mn = 10 ± 2% for the Mn 2+ PL, in agreement with previous reports. 42 Importantly, the Mn 2+ PL is nearly completely unaffected by absorption by the NC host, as emphasized in the inset of Figure 1f , where we report enlargement of the absorption spectrum for absorption coefficients between 0 and 5 × 10
. On this expanded scale, it becomes clear that, in agreement with what was observed for Mn-doped ZnSe NCs, 79 the absorption tail on the high-energy portion of the Mn 2+ PL peak and the small band at ∼630 nm, respectively due to the NC host and to Mn 2+ transitions, are significantly lower than the absorption contribution due to the vibrational modes of the C−H bonds of oleic acid and oleylamine ligands 25 between 650 and 900 nm, which, at this NC concentration (0.08 wt %), are still below 3 × 10 −2 cm −1 . Evaluation of Reabsorption Losses: Monte Carlo Simulations and One-Dimensional Liquid LSCs. In order to assess the potential of Mn-doped CsPbCl 3 NCs for reabsorption-free LSC by taking into consideration also the effect of stochastic reabsorption and re-emission events in a real device, we performed Monte Carlo ray tracing simulations of light propagation using the experimental absorption and PL spectra reported in Figure 1f . In our simulations, we used the device dimensions (0.25 cm × 0.25 cm × 22 cm) of a one-dimensional liquid test-bed LSC reported later in this work and investigated the evolution of the light output probability for both the BE emission and the Mn 2+ PL, from one of the small 0.25 cm × 0.25 cm LSC edges for an increasingly long optical distance, d, from the excitation spot. To decouple the losses due to nonradiative decay and randomization of the propagation direction following reabsorption/re-emission, we performed our calculations using both the experimental values of Φ PL (namely Φ PL,BE = 5 ± 1% for the BE emission and Φ PL,Mn = 10 ± 2% for the Mn 2+ PL) and by considering equal Φ PL for both emissions of 50 and 100%. Panels (a) and (b) in Figure 2 , respectively, visualize the Monte Carlo ray tracing simulations for the BE emission and the Mn 2+ PL calculated using the experimental Φ PL values. The corresponding simulated PL spectra are shown in Figure 2b ,c for increasing propagation length, d, from d = 0.25 to 22 cm. Because of the large overlap with the absorption edge, the BE emission undergoes strong progressive dimming of its high-energy portion, resulting in ∼80% intensity loss in less than a 15 cm optical distance, reaching ∼90% dimming for d = 25 cm.
Notably, considering higher emission efficiencies up to Φ PL,BE = 100% for perfectly emitting NCs, the output probability for the BE PL from the LSC edge increases slightly while still maintaining the strongly negative d-dependent trend resulting from the dominant effect of propagation randomization over nonradiative exciton decay. We notice that, with respect to conventional CdSe NCs, showing nearly complete reabsorption in less than a 5 cm propagation distance for nominally identical BE absorbance, 49 the BE emission of perovskite NCs is less affected by reabsorption due to their much narrower excitonic absorption peak, 84 resulting in a sharp cutoff mostly of the high-energy portion of the PL spectrum.
Most importantly, the Mn 2+ PL is essentially unaffected by reabsorption by the NC host, as demonstrated by the invariance of the high-energy spectral tail, whereas the minor decrease of the low-energy portion is mostly due to absorption by the vibrational modes of the ligand molecules, leading to ∼20% intensity drop for d as long as 25 cm. In this case, because reabsorption by the NC is essentially absent, the same trend of the light output probability vs d is observed for any value of Φ PL,Mn .
On the basis of these promising theoretical predictions, we proceed with experimentally evaluating the reabsorption losses in a one-dimensional liquid waveguide consisting of a 22 cm × 0.25 cm × 0.25 cm quartz cuvette filled with a toluene solution of Mn/CsPbCl 3 NCs with the same concentration as the one used for the Monte Carlo simulations shown in Figure 2b −d. The use of a one-dimensional liquid waveguide as a test-bed LSC device 75 is particularly useful in the case of wide-band-gap materials such as chlorine-based perovskites that require UV photoexcitation, which could lead to parasitic emission contributions by the polymer matrix that complicate the data analysis, as described in detail in the next section. In this experiment, the PL spectrum is collected at the edge of the waveguide for increasing spatial separation d between the excitation spot and the LSC edge, as schematically depicted in Figure 3a . The PL spectra for both the BE and the Mn-related emissions at increasing d are shown in Figure 3b , showing close resemblance of the theoretical predictions reported in Figure  2b ,c. Specifically, the BE luminescence undergoes progressive quenching of its high-energy tail due to reabsorption, resulting in a strong ∼80% intensity drop for d ≈ 10 cm. On the other hand, in agreement with the theoretical simulations, the Mn 2+ PL is nearly unaffected by reabsorption, and its dimming is only ∼15% for optical distances as long as 22 cm.
Mass Polymerized Reabsorption-Free Perovskite LSCs. After assessing the potential of Mn-doped CsPbCl 3 perovskite NCs as reabsorption-free emitters for LSCs, we proceed with the practical demonstration of a polymer-based LSC incorporating the NCs. With this aim, we fabricated a proof-of-principle LSC device by radical mass polymerization of an 80:20 wt % mixture of methyl methacrylate (MMA) and lauryl methacrylate (LMA) doped with NCs. The choice of poly(methyl methacrylate) (PMMA) as the main waveguide material is dictated by its excellent optical properties, high resistance to exposure to UV light, and various chemical treatments, as well as excellent performance in all-weather conditions. For these reasons, PMMA is widely used in construction as a lightweight window material and in optics for fabricating lenses and prisms as well as in optical fibers. On the other hand, LMA has long alkyl side chains that display dynamics resembling those of liquids. Exposure of the monomer mixture to 365 nm UV light in the presence of the radical photoinitiator (IRGACURE 651; 1% w/ w) results in mass polymerization of a random copolymer 87 unaffected by macroscopic phase segregation that could be detrimental to the optical transport properties of the waveguide due to scattering. Notably, because the polar methacrylate backbone and the nonpolar alkyl side chains of LMA are incompatible but connected by a covalent bond, the polymer bulk is phase separated at the nanoscopic level, 88 which provides the NCs with a local environment that is very similar to that of octadecene or analogous solvents 89 used in the NC synthesis. This specially designed near-native polymeric environment largely improves the miscibility of the NCs with the monomer mixture, leading to a scattering-free nanocomposite.
The fabrication procedure consists of initial wetting of the NCs in a small volume of LMA monomer for 3 h to ensure fine dispersion of the individual particles. The monomer−NC mixture is then added to a large volume of MMA together with the radical photoinitiator. With respect to the polymerization routes of pure LMA used in previous studies, no cross-linking agent was added to the mixture as the dominant PMMA fraction ensures mechanical stability of the nanocomposite at room temperature (see Figures S1 and S2) . Figure 1f , emerging mostly from the slab edges with minor emission from its surfaces, suggesting that light scattering in this device is particularly low. The concentration of NC was chosen in order to achieve ∼70% optical absorption of band gap radiation. Increasing it further does not significantly increase the absorption but could introduce scattering losses due to NC aggregation. The picture taken under ambient illumination highlights the high optical quality of the LSC waveguide that appears nearly transparent, as expected given the very sharp absorption edge of the NCs at 395 nm. In order to experimentally quantify the scattering losses of our LSC at the emission wavelength of the Mn 2+ PL, we performed light propagation experiments using a collimated laser source at 633 nm entering the device from one edge and collecting the light intensity escaping from the LSC faces. The results, shown in Figure 4b , reveal that the light output undergoes ∼20% drop for a propagation distance of 25 cm, in agreement with the absorption by the polymer matrix (α ≈ 1 × 10 −2 cm −1 ), thus confirming that the scattering losses for the Mn 2+ PL are essentially negligible. Accordingly, the attenuation of the laser light vs d matches well the trend calculated using the Lambert− Beer equation for linear propagation along the waveguide. One further critical step for the realization of poly(acrylate) LSCs based on perovskite NCs is the preservation of their spectral properties and PL efficiency after the mass polymerization procedure involving highly reactive radical initiators. In order to test this aspect, we conducted side-by-side spectroscopic measurements on the NCs in solution and embedded in the polymer waveguide. The emission spectrum of the BE luminescence and Mn 2+ PL in both the native toluene solution and in the P(MMA/LMA) nanocomposite collected in reflection geometry to minimize reabsorption effects are reported in Figure 4c , showing essentially no differences between the two conditions, which demonstrates that the polymerization procedure does not modify the spectral properties of the NCs. The same figure also shows the absorption spectrum of the nanocomposite (gray line), in direct comparison with the absorption spectrum of a P(MMA/LMA) slab of identical thickness and composition but without the NCs (light blue pattern). The first excitonic feature of the NCs is clearly distinguishable at 395 nm, in agreement with the spectrum in toluene solution shown in Figure 1f . Both the bare slab and the nanocomposite show a steep edge at about 390 nm followed by a weak tail at longer wavelengths likely due to low- energy-absorbing structural defects and minor residual scattering of UV light. As shown later in this section, optical excitation of these states at 410 nm leads to a parasitic greenish PL that is strongly reabsorbed by the composite. More importantly, time-resolved PL measurements show that the decay dynamics of the Mn 2+ PL are identical in toluene and in the nanocomposite (Figure 4d) , indicating that the quantum efficiency of the dopant emission is unaffected by exposure to the radical photoinitiators. In contrast, the BE PL shows acceleration of its time trace in the nanocomposite with respect to toluene (Figure 4e ), which suggests that BE excitons are more subject than the dopant states to surface reactions, which activate nonradiative processes competitive to radiative decay, in agreement with recent spectroelectrochemical results. 41 Nevertheless, the acceleration of the BE dynamics seems to affect only the slow portion of the decay curve, which accounts for only ∼20% of the total PL, thus suggesting that most of the emission efficiency is retained also for the BE PL upon incorporation in the nanocomposite, as previously qualitatively suggested for undoped perovskite NCs. 6 Because of the resonance between the excitonic absorption by the NCs and the low-energy tail of the polymer slab shown in Figure 4c , an accurate estimation of the number of photons absorbed by the NCs is not experimentally accessible in this system, which prevents us from measuring the absolute PL efficiency of the NCs in the nanocomposite.
Next, we proceeded by confirming the absence of reabsorption effects on the Mn 2+ PL also in our polymerbased LSC device. With this aim, we collected the PL spectrum from one of the slab edges (20 × 0.5 cm 2 ) using 395 nm laser excitation positioned at different distances, d, from the waveguide edge, similar to the light propagation experiments on the one-dimensional liquid LSC reported in Figure 3 . As anticipated above, in this excitation condition, the polymer waveguide exhibits a parasitic greenish emission at ∼500 nm (inset of Figure 4f ) likely arising from polymer defects responsible for the absorption tail of both bare and NCcontaining P(MMA/LMA) slabs. Such PL is, however, strongly reabsorbed by the matrix, resulting in ∼80% drop in a less than 3 cm propagation distance. The decay dynamics of this luminescence is on the same time scale as the Mn 2+ PL, which prevents the use of time-gated techniques for decoupling the two emission components. In order to extract the trend of the Mn 2+ PL as much as possible unaffected by this spurious luminescence, we therefore performed side-by-side PL measurements under spectrally selective excitation conditions for the polymer and the NC's PL at identical values of d. Specifically, we tuned the emission of a Ti:sapphire laser at 395 nm to excite mostly the NCs and at 410 nm, which is below the absorption edge of the NCs, to selectively pump the polymer matrix. In this way, we obtained the set of spectra reported in the inset of Figure 4f , from which, by subtraction, we extracted the emission spectra of the Mn 2+ PL as a function of d. In Figure 4f , we report the normalized spectra of the Mn 2+ PL for d = 0−25 cm obtained through the procedure described above, showing minor spectral modification in qualitative agreement with the data on the one-dimensional liquid waveguide shown in Figure 3 .
One final confirmation of the absence of reabsorption and scattering losses for the Mn 2+ PL in our LSCs is that all portions of the device surface contribute nearly equally to its total power output. To highlight this behavior, in Figure 4g , we show the relative output power extracted from one of the LSC edges (20 × 0.5 cm 2 ) measured by coupling calibrated c-Si solar cells to one slab edge and by progressively exposing increasingly larger portions of the LSC area to the solar simulator. The trend calculated by Monte Carlo ray tracing simulation for an ideal scattering-and reabsorption-free LSC of identical dimensions embedding emitters with the same Φ PL as the Mn 2+ PL, for which the power output is determined exclusively by the numeric aperture of the illuminated area, is also reported in Figure 4g for direct comparison with the experimental data. The calculated curve matches well the experimental behavior for illumination fractions as large as ∼80%, indicating that suppression of reabsorption in Mn/ CsPbCl 3 perovskite NCs is effective in rendering the device behavior close to ideal. 56 This match between theory and experiments further confirms that the effect of the parasitic polymer emission on the total device light output is negligible, as expected based on its strong reabsorption observed for very short optical distances (inset of Figure 4f ).
Despite the nearly complete suppression of reabsorption for the dopant emission, we highlight that Mn/CsPbCl 3 perovskite NCs are not directly suitable for the fabrication of highly efficient LSCs because of both their relatively low emission efficiency and their wide energy gap, which results in their absorption edge being positioned in the near-UV end of the visible spectrum (395 nm, Figure 1f ). This limits the lightharvesting capability by the NCs to below ∼5% of the solar spectrum and results in significant overlap with the absorption tail of the polymer matrix, which further lowers the intensity of incident light available for NC excitation. As a result, the optical power efficiency of our LSC, measured by illuminating the device perpendicular to its top surface using a calibrated solar simulator with power density I = 100 mW/cm 2 (1.5 AM Global) and collecting the guided luminescence by calibrated cSi solar cells index matched to the perimeter edges of the slab, is η = P OUT /P IN < 0.5% (including the minor contributions of the BE and polymer emission), where P OUT is the luminous power collected by the solar cells and P IN is the solar power incident on the LSC surface. With regard to optimization of the PL quantum efficiency, strategies are being investigated for suppressing nonradiative carrier trapping in localized defects. For example, Kosher et al. 30 recently demonstrated trap-free perovskite NCs by postsynthetic treatment with thiocyanate, resulting in unitary emission efficiency from undoped CsPbBr 3 NCs. Such an approach has not yet been applied to doped perovskite NCs, and in case of success, it could boost their efficiency to values suitable for highly performing LSCs.
Extension of the solar coverage by the NCs will require means to lower the energy gap of the NC host, and improved doping strategies will be concomitantly needed for ensuring a sufficiently wide Stokes shift to suppress reabsorption. Given the small effect of carrier confinement on the electronic properties of perovskite NCs, size tuning is not sufficient to reach extended solar coverage with chlorine-based perovskites, and other formulations are therefore required. Manganese, in turn, is a valuable dopant for proving the potential of these structures for photon management applications, but its d−d optical transition at ∼600 nm limits the maximum spectral coverage to the green portion of the solar spectrum. CsPbI 3 NCs could, in principle, be suitable as broad-band absorbing hosts to nearly 700 nm, 6, 84 provided that strategies are found for their stabilization and for the incorporation of impurities capable of activating efficient Stokes shifted near-IR luminescence. A further possibility could be the use of CsSnX 3 perovskite NCs recently demonstrated by Jellicoe et al., 90 showing broad-band optical absorption and Stokes shifted PL likely due to the involvement of localized defect states in the exciton recombination mechanisms. These systems would have the additional advantage of having a Pb-free composition, but their current PL quantum yield would require optimization to be suitable for efficient LSCs. Another possibility for removing the potential environmental risks associated with Pb could be to engineer the Stokes shift of recently reported cesium bismuth halide perovskites. 91 To date, doping of perovskite NCs, as well as their Stokes shift engineering, is still at the embryo stage, and novel approaches are continuously appearing in the literature, suggesting that perovskite NCs with optimized performances specifically designed for advanced photon management technologies could be achieved in the short term.
In conclusion, we have demonstrated the suitability of doped perovskite NCs as nearly zero reabsorption emitters for LSCs. Light propagation measurements in both test-bed one-dimensional waveguides and poly(acrylate) concentrators, corroborated by Monte Carlo ray tracing simulations, indicate that the dopant PL is nearly completely unaffected by reabsorption losses by the NC host and the only effects are due to resonance with the vibrational modes of the ligand molecules leading to a small 15% optical loss for propagation lengths as long as 20 cm. Polymer-based LSCs were fabricated using the radical mass polymerization procedure of a mixture of MMA and LMA to simultaneously ensure thermal and mechanical stability and optimal compatibility of the NCs, resulting in high optical quality waveguides, in which scattering losses are less than the weak reabsorption by the matrix material (α ≈ 1 × 10 −2 cm
−1
). Importantly, time-resolved PL measurements indicate that the dopant-related PL of the NCs is fully preserved. Accordingly, the LSC behaves closely to an ideal device, in which all portions of the illuminated area contribute equally to the total optical power. These proof-of-principle results demonstrate the potential of doped perovskite NCs for LSC-based BIPV technologies as well as for other photon management applications relying on low-attenuation long-range optical wave guiding.
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